Gut-associated lymphoid tissue (GALT) is an important target organ of human immunodeficiency virus (HIV) and may serve as a potentially significant viral reservoir since it harbors the majority of lymphoid tissue in the body. The gastrointestinal immune system is extensively involved in the course of HIV infection, which is evidenced by commonly encountered intestinal complications in HIV-infected patients, including nutrient malabsorbtion, malnutrition, diarrhea, weight loss, and opportunistic enteric infections (17, 28) . Histopathologic changes in intestinal mucosae encompass villous atrophy, hyperplastic crypts, and T-cell depletion (58) . Mucosal surfaces of the gastrointestinal tract consist of a single layer of epithelial cells that provide a protective barrier against pathogenic microbes and other macromolecules. In addition, epithelial cells in the brush border, called enterocytes, are important in nutrient absorption. Several studies have shown that functional interrelationships exist between the gut epithelium and the mucosal immune system (33, 34) . Hence, changes in the mucosal epithelium might reflect alterations in mucosal immunity. A distinct population of lymphocytes located between enterocytes in the epithelium above the basement membrane is called intraepithelial lymphocytes (IEL). These lymphocytes are phenotypically and functionally distinct from lymphocytes in the underlying lamina propria, lymph nodes, and peripheral blood. Due to their close and intimate contact with the epithelial cells and the environment, IEL play an important role in mucosal immunity. IEL possess a number of pathogen-specific and nonspecific functions enabling them to play a critical role in host defenses at mucosal surfaces. They have been shown to possess pathogen-specific cytotoxic T-cell (CTL) activity (10) and to be capable of mediating delayed-type hypersensitivity responses (48) . Human IEL were demonstrated to have low natural killer (NK) activity in short-term assays (7) . IEL also secrete various cytokines such as gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), and interleukin-2 (IL-2) (12, 31) , which may play an important role in immunomodulation at the mucosal surfaces. These cells can produce chemokines such as MIP-1␤ and RANTES, implicating a regulatory role in the inflammation process. Furthermore, IEL have been shown to secrete growth factors such as keratinocyte growth factor, which is involved in epithelial cell proliferation and maturation, and can be crucial in maintaining epithelial cell barrier integrity and function (4) . These studies show that IEL constitute a unique population of cells which are capable of playing an important role in immunity in the gastrointestinal mucosae against pathogens as well as in the maintenance of the epithelium.
IEL are phenotypically diverse and contain both CD4 ϩ and CD8 ϩ T cells. A loss of mucosal CD4 ϩ T cells has been reported for patients with advanced HIV infection and is associated with intestinal complications (17, 28) . The effects of HIV infection on mucosal lymphocytes, specifically IEL, have not been fully elucidated. These studies have been limited by the inability to obtain sufficient amounts of intestinal tissue samples in early stages of HIV infection. The simian immunodeficiency virus (SIV)-infected rhesus macaques provide a suitable animal model to determine the role of IEL in the immunopathogenesis of HIV infection. SIV is a lentivirus that causes simian acquired immunodeficiency syndrome (SAIDS) in rhesus macaques. The clinical, immunological, and pathological changes in infected rhesus macaques are similar to those observed in HIV infection (19, 27, 49) . The course of pathogenic SIVmac infection includes primary-acute, asymptomatic, and terminal stages of disease, as observed in HIV infection. Thus, SIVmac-infected macaques are well suited for the study of acute and chronic viral infection and its effect on intestinal dysfunction. The intestine is an early target organ of SIV, and a SIV-associated enteropathy syndrome was detected in primary SIV infection (18, 20, 50) .
Since the functions carried out by IEL in the intestinal mucosae appear to be mediated in part by the cytokines or chemokines that they secrete, a better understanding of the phenotype and frequency of cytokine-producing cells within this compartment is critical to understand their function and role in viral pathogenesis. Cytokines such as IFN-␥ and, recently, chemokines such as MIP-1␤ have been shown to play a role in immunity to HIV. However, perturbations in cytokine production as a consequence of the alterations in T-cell phenotypic profiles within the IEL could promote the breakdown of the intestinal immune system, thereby contributing to the pathogenesis of HIV infection.
IFN-␥, a proinflammatory secreted cytokine, has been shown to play a central role in the development of cellular immune responses leading to the elimination of intracellular pathogens (16, 46, 47) . MIP-1␤ is a member of the C-C chemokine family of proteins secreted by T cells and other leukocytes which plays a role in the recruitment of subsets of T cells (55, 56) and macrophages (13) to the sites of infection. Furthermore, MIP-1␤ may contribute to tissue damage by stimulating the release of cytokines such as TNF-␣, IL-1, and IL-6 (13), which perpetuate the inflammatory response.
Based on the above studies, we hypothesized that IEL may play an important role in the generation of antiviral responses and may exhibit immunophenotypic and functional alterations early in HIV infection. We examined the above hypothesis by determining the immunophenotypic and functional alterations in jejunal IEL subsets during primary-acute, asymptomatic, and SAIDS stages of SIV infection. The functional role of IEL was determined by measuring SIV-specific CTL activity by cytotoxicity assays. Their ability to produce IFN-␥ and MIP-1␤ following short-term mitogenic stimulation was determined by three-color flow cytometry combined with intracellular staining for cytokines. The use of flow cytometry provided the ability to simultaneously determine the phenotype of the IEL and cytokine produced by them at a single cell level. Our results demonstrated that the prevalence of CD4 ϩ subsets decreased dramatically early during the primary SIV infection, whereas the proportions of CD8 ϩ IEL increased considerably. There was, however, no major change in the proportion of CD3 ϩ IEL following SIV infection relative to SIV-negative animals. The dramatic depletion of CD4 ϩ IEL was in contrast to the gradual depletion of CD4 ϩ T cells observed in peripheral blood. SIVspecific CTL activity was found to be present in the primaryacute stage of infection. The proportion of CD8 ϩ IEL producing IFN-␥ and MIP-1␤ in response to mitogenic stimulation was found to increase following infection and remained high throughout the entire course of SIV infection, indicating that IEL in jejunal mucosae were primed in vivo following SIV infection.
MATERIALS AND METHODS
Animals, virus, and tissue collection. Eleven colony-bred rhesus macaques (Macaca mulatta) from the California Regional Primate Research Center, Davis, were used in this study. The animals were housed in accordance with American Association for Accreditation of Laboratory Animal Care guidelines. Animals were seronegative for simian retrovirus type 1 and simian T-cell leukemia virus type 1. Nine adult animals were infected intravenously with 10 to 100 animal infectious doses of uncloned pathogenic SIVmac 251. SIV-infected animals were necropsied at various time points during the primary-acute stage at 1, 2, and 4 weeks postinfection (p.i.) (n ϭ 3) and during the clinically asymptomatic stage at 36 to 44 weeks p.i. (n ϭ 3) and the SAIDS stage (n ϭ 3) of SIV infection. Two uninfected animals served as negative controls. Jejunal tissue samples were collected at necropsy and used for the isolation of IEL. Tissue samples were also formalin fixed and paraffin embedded for in situ hybridization analysis.
Detection and localization of SIV-infected cells by in situ hybridization. SIVinfected cells in intestinal tissues were detected by in situ hybridization with digoxigenin-UTP-labeled SIV riboprobes according to the previously reported procedure with minor modifications (20) . Riboprobes were specific for SIV gag, env, and pol regions. Formalin-fixed and paraffin-embedded intestinal tissue sections were deparaffinized, hydrated, and treated with proteinase K for 10 min at 37°C, followed by prehybridization for 1 h at 50°C in hybridization solution containing 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5ϫ Denhardt's solution, 50% deionized formamide, 10% dextran sulfate, and 1 mg of tRNA per ml. The tissue sections were placed in a humidification chamber at 50°C for 16 to 18 h to hybridize with the labeled SIV probe. The unhybridized SIV RNA probe was removed by washing the slides at 50°C in the wash buffer containing 50% formamide and 2ϫ SSC, followed by 1ϫ SSC and 0.5ϫ SSC. The slides were reacted with RNase A for 30 min to hydrolyze the remaining unhybridized SIV RNA probe. The tissue sections were incubated for 1 h with a monoclonal antibody to digoxigenin conjugated to alkaline phosphatase, and SIV-infected cells were visualized with nitroblue tetrazolium-X-Phos (5-bromo-4-chloro-3-indolylphosphate toluidinium salt [BCIP] ). The cells were detected by counterstaining with hematoxylin. The positive controls included previously characterized SIV-infected intestinal tissues. The negative controls included intestinal tissues and peripheral blood mononuclear cells (PBMC) from uninfected healthy animals. The slides were examined with a microscope for the presence of SIV-positive cells.
Isolation of IEL. IEL were isolated by previously published procedures with minor modifications (11, 21, 53, 64) . Briefly, jejunum was cut into small pieces (0.5 cm 2 ) and rinsed in cold phosphate-buffered saline (PBS). The tissue samples were placed into IEL isolation medium (Hanks balanced salt solution [HBSS] supplemented with 0.75 mM EDTA [Sigma] , 100 U of penicillin [Gibco] per ml, 100 U of streptomycin [Gibco] per ml, and 5% fetal calf serum [FCS; Gibco]) at pH 7.2 and subjected to rapid shaking at 37°C for 30 min. This procedure was repeated three times. Liberated cells were centrifuged and washed with complete RPMI 1640 (Gibco) supplemented with 100 U of penicillin per ml, 100 U of streptomycin per ml, and 10% FCS. Lymphocytes were isolated through a 35%-60% (vol/vol) isotonic discontinuous Percoll (Sigma) density gradient. Lymphocytes were found to band at the interface between the 35% and 60% gradients. Isolated lymphocytes were washed in HBSS, and viability was assessed by trypan blue exclusion.
Antibodies. Monoclonal antibodies (MAb) to CD3 (Biosource International, Camarillo, Calif.), CD4 (OKT4, Ortho Diagnostic Systems, Inc., Raritan, N.J.), CD8 (Caltag Laboratories, South San Francisco, Calif.), V␦1 (Endogen, Woburn, Calif.), MIP-1␤ (Molecular Probes, Inc., Eugene, Oreg.), and IFN-␥ (Pharmingen, San Diego, Calif.) were used in this study. Matched isotype controls were obtained from Caltag Laboratories.
Immunophenotyping of IEL. Isolated cryopreserved IEL (2 ϫ 10 6 cells) from jejunum were stained with biotinylated anti-CD3 followed by streptavidin conjugated to Tricolor (TC) for 30 min at 4°C. After being washed in PBS, the cells were stained with anti-CD4 conjugated to phycoerythrin (PE) and anti-CD8 conjugated to fluorescein isothiocyanate (FITC) for 30 min at 4°C, washed with PBS, and suspended in PBS for analysis. T cells positive for gamma delta (␥␦ ϩ ) T-cell receptor were detected with MAb to V␦1. Negative-control samples were stained with matched isotype control antibodies.
Flow cytometric detection of intracellular IFN-␥ and MIP-1␤ production. Intracellular IFN-␥ and MIP-1␤ production was detected in IEL following a short-term stimulation with phorbol myristate acetate (PMA) and ionomycin at a single cell level. Monensin was used to disaggregate the Golgi complex to arrest the proteins from being transported. Isolated cryopreserved IEL were incubated overnight at 37°C in humidified atmosphere of 5% CO 2 at a concentration of 2 ϫ 10 6 cells/ml in complete RPMI 1640 supplemented with 2 mM L-glutamine, 100 U of penicillin per ml, 100 U of streptomycin per ml, and 10% fetal bovine serum (FBS). Four hours before harvesting, the cells were stimulated with 10 ng of PMA (Sigma) per ml, 500 ng of ionomycin (Calbiochem, La Jolla, Calif.) per ml, and 2 M monensin (Sigma). The cells were incubated with 2 M monensin only to determine whether they were producing MIP-1␤ and IFN-␥ in the absence of stimulation. After incubation, the cells were harvested and washed in cytoflow buffer (PBS with 1% BSA) and prepared for reacting with fluorescent antibody.
To determine the capacity of IEL to produce IFN-␥ and MIP-1␤, IEL were subjected to flow cytometric analysis according to methods previously described (14) . Briefly, 4 ϫ 10 6 cells were reacted with either MAb to V␦1 conjugated to FITC or biotinylated MAb to CD3 followed by streptavidin conjugated to FITC or PE and were incubated for 30 min at 4°C. The cells were washed with PBS and reacted with CD8 MAb conjugated to TC. Negative controls were stained with matched isotype control MAb. After being washed in PBS, the cells were fixed with 100 l of solution A (Cell Perm & Fix Kit; Caltag) for 15 min at room temperature in the dark, washed, and reacted with either FITC-conjugated anti-human IFN-␥ or PE-conjugated anti-human MIP-1␤ MAb resuspended in 50 l of permeabilizing solution B (Cell Perm & Fix Kit) for 15 min. Negative controls included samples reacted with matched isotype control MAb suspended in 50 l of permeabilizing solution B. After being washed, the cells were resuspended in PBS and prepared for analysis. The cells were also fixed and reacted with anti-IFN-␥, anti-MIP-1␤, and matched isotype control MAb without permeabilizing to ensure that only intracellular proteins were being reacted.
The cells were analyzed with a FACScan flow cytometer (Becton Dickinson, Mountainview, Calif.). Ten thousand events were collected in list mode after simultaneously gating on lymphocytes based upon their forward-and light-scatter characteristics and FL3 (CD3, CD8, or V␦1) and forward scatter. Collected data were analyzed with the Cell Quest software (Becton Dickinson).
Measurement of SIV-specific CTL activity. Cytotoxic assays were performed according to methods described previously (29) 6 cells. Effector and target (E and T) cells were added together at multiple E/T ratios in a 4-h chromium release assay, and percent specific lysis values were calculated from supernatant chromium measured in a liquid scintillation counter (Micro-Beta 1450; Wallac Biosystems, Gaithersberg, Md.). Specific lysis was considered positive when it was greater than twofold (Ϯ 3 standard deviations) of the lysis of wild-type vaccinia virus targets and when it was at least 10%.
RESULTS
Detection of SIV-infected IEL in jejunal mucosae. Dissemination and localization of SIV-infected cells in intestinal mucosae of SIV-infected animals were determined by in situ hybridization. The virus-positive cells were detectable through the entire course of SIV infection, but the numbers were variable. Higher numbers of virally infected cells were observed during the primary-acute and terminal stages of infection compared to the asymptomatic stage (data not shown). The SIVpositive cells were found in lamina propria, Peyer's patches, and lymphoid aggregates. A higher number of IEL strongly positive for SIV nucleic acids were readily detected during the primary-acute ( Fig. 1 ) and terminal stages of SIV infection. In asymptomatic animals, fewer SIV-infected IEL were detected. In terminally ill animals, SIV-infected cells were found to be more widely disseminated in the intestinal mucosae compared to the animals in primary-acute or asymptomatic stages.
Severe depletion of CD4 ؉ IEL occurred in primary SIV infection and persisted till the terminal stage of infection. Alterations in immunophenotypic profiles of isolated IEL from SIV-infected jejunal tissues were examined by flow cytometric analysis and compared with the uninfected controls (Fig. 2) . The IEL were predominantly CD3 ϩ T cells in both uninfected and SIV-infected animals (ϳ86 to 98%). In uninfected animals, ϳ74 to 78% of the CD3 ϩ IEL expressed the CD8 ϩ phenotype, whereas ϳ12 to 19% expressed the double-positive (CD4 ϩ CD8 ϩ ) phenotype and ϳ6 to 10% expressed the CD4 Ϫ CD8 ϩ cells were less than 2%. The remaining CD3
Ϫ cell population may harbor non-Bnon-T cells or null cells. Dramatic alterations in the phenotypic profiles of IEL were detected following SIV infection (Fig. 3) . The proportions of CD3 ϩ IEL which were CD4 ϩ single-positive (ϳ6 to 10%) and CD4 ϩ CD8 ϩ double-positive (ϳ12 to 19%) T cells declined precipitously as early as 2 weeks p.i.
(Ͻ0.5%) and remained low throughout the course of SIV infection. In contrast, the proportion of CD3 ϩ CD8 ϩ T cells increased sharply at 2 weeks from ϳ74 to 78% to ϳ98% and remained high throughout the course of infection. No major changes were observed in the proportion of CD3 ϩ IEL following SIV infection relative to uninfected animals. The ␥␦ TCR ϩ cells constituted a minor subpopulation (5% or lower) of IEL in both SIV-infected and uninfected animals.
The severe depletion of CD4 ؉ IEL in primary SIV infection was not reflected in peripheral blood. In contrast to the severe depletion of CD4 ϩ IEL, the proportion of CD4 ϩ T cells in peripheral blood was found to decline gradually at 2 weeks p.i. (ϳ34%) and at 4 weeks p.i. (ϳ31%) compared to uninfected controls (ϳ47%). The proportion of CD8 ϩ T cells increased from ϳ23% in uninfected animals to ϳ45% at 2 weeks p.i. and ϳ38% at 4 weeks p.i. No apparent changes were observed in the proportions of CD4 ϩ
CD8
ϩ T cells in peripheral blood following SIV infection relative to uninfected controls.
Intestinal CD8 ؉ IEL retain a high capacity to produce IFN-␥ through the entire course of SIV infection. In order to determine the capacity of CD8 ϩ or CD8 Ϫ IEL to produce IFN-␥ during the course of SIV infection, CD3
ϩ IEL from SIV-infected animals were analyzed at a single-cell level following short-term mitogenic stimulation and compared with uninfected controls.
The CD8 ϩ IEL were the primary producers of IFN-␥ in uninfected and SIV-infected animals (Fig. 4) . Following in vitro mitogenic stimulation, the proportion of CD8 ϩ IEL producing IFN-␥ was found to increase at 2 weeks p.i. (ϳ42%) and then to decline at 4 weeks p.i. (ϳ20%) relative to uninfected animals (ϳ12 to 21%). The proportion of CD8 ϩ IEL producing IFN-␥ was variable and ranged from ϳ6 to 42% during the asymptomatic stage of infection. A higher proportion of CD8
ϩ IEL (ϳ42 to 64%) produced IFN-␥ during the SAIDS stage of infection, indicating that many CD8 ϩ IEL were primed in vivo during the SAIDS stage of infection. In uninfected animals, ϳ3% of CD3 ϩ CD8 Ϫ IEL (consisting of the CD4 ϩ and ␥␦ ϩ subsets) produced IFN-␥. The proportion of CD3 ϩ CD8 Ϫ IEL capable of producing IFN-␥ decreased considerably following SIV infection (Ͻ1%), which could be attributed to the depletion of CD4 ϩ T cells in SIV infection. The proportion of CD8 ϩ CD3 Ϫ IEL (presumably NK cells) producing IFN-␥ was found to be negligible (ϳ0 to 0.5%) throughout the course of infection. No IFN-␥ production was detected in IEL in the absence of mitogenic stimulation.
The amount of IFN-␥ produced per cell (intensity) was determined and is presented as log mean fluorescence intensity in Fig. 5 . The intensity of IFN-␥ expression in IEL was found to decline following SIV infection as early as 2 weeks p.i. and continued to remain low throughout the course of infection relative to uninfected animals.
Intestinal CD8 ؉ IEL retain a high capacity to produce MIP-1␤ throughout the entire course of SIV infection. To examine the capacity of CD8 ϩ and CD8 Ϫ IEL to produce MIP-1␤ following short-term mitogenic stimulation, CD3
ϩ IEL from SIVinfected animals were examined at the single-cell level and were compared with uninfected controls. The ability of IEL to constitutively produce MIP-1␤ was determined with IEL from uninfected and SIV-infected animals in the absence of mitogenic stimulation.
The CD8 ϩ IEL (in the absence of mitogenic stimulation) were the primary producers of MIP-1␤. The frequency of CD8 ϩ IEL producing MIP-1␤ was found to decline early in SIV infection at 2 weeks to ϳ16% compared to uninfected animals (ϳ25 to 31%) and remained low throughout the course of infction (data not shown). This suggested that SIV infection suppressed the ability of CD8 ϩ IEL to produce MIP-1␤ in vivo. In mitogen-activated IEL, the CD3 ϩ CD8 ϩ cells were the primary producers of MIP-1␤ in both uninfected and SIV-infected animals (Fig. 4) . In contrast to the decline in constitutive expression of MIP-1␤ by unstimulated IEL, the frequency of short-term mitogen-stimulated CD8 ϩ IEL producing MIP-1␤ increased considerably in SIV-infected animals. This increase was detectable as early as 2 weeks p.i. (ϳ80%) and remained high during the asymptomatic (ϳ77 to 94%) and SAIDS (ϳ75 to 83%) stages of infection compared to that of uninfected animals. This would indicate that a higher proportion of CD8 ϩ IEL from SIV-infected animals was primed in vivo to produce MIP-1␤. A minor proportion of CD3 ϩ CD8 Ϫ IEL were found to make MIP-1␤ in SIV-negative animals (ϳ3.2 to 7.9%), which declined at 2 weeks p.i. (ϳ2 to 3.6%) and remained low (Fig. 5 ) throughout the course of infection (Ͻ1.8%). The proportions of CD8 ϩ CD3 Ϫ IEL producing MIP-1␤ were found to be negligible (ϳ0 to 1.7%) throughout the entire course of SIV infection. No major differences were noticed in the amount of MIP-1␤ expression per cell in SIVinfected animals relative to uninfected animals (Fig. 5) .
SIV-specific CTL activity was detected in IEL during primary SIV infection. The IEL from macaques at 1, 2, and 4 weeks post-SIV infection were examined for the presence of
FIG. 3. SIV infection leads to a severe depletion of CD3
ϩ CD4 ϩ and CD3 ϩ CD4 ϩ CD8 ϩ IEL and an increase in the proportion of CD3 ϩ CD8 ϩ IEL, without a major change in the proportions of CD3 ϩ IEL. Isolated IEL were stained for cell surface expression of CD3, CD4, and CD8 antigens and were analyzed by flow cytometry. Negative-control samples were stained with matched isotype control antibodies. CD3
, and CD3 ϩ CD4 Ϫ CD8 Ϫ (&) IEL are indicated as percentages of gated lymphocytes.
FIG. 2. Flow cytometric analysis of CD3
ϩ IEL from jejunal tissues from uninfected rhesus macaques and from the primary-acute (2 weeks p.i.), aymptomatic (36 weeks p.i.), and SAIDS phases of SIV-infected rhesus macaques. The IEL were stained for cell surface expression of CD3, CD4, and CD8 antigens and analyzed by flow cytometry. Negative-control samples were stained with matched isotype control antibodies.
SIV gag-and env-specific CTL activity in primary cultures, which was presented as percent specific lysis. SIV-specific CTL activity against env-expressing target cells at 1 and 2 weeks p.i. (data not shown) was found, whereas at 4 weeks p.i. CTL activity against both gag-and env-expressing target cells was found (Fig. 6) . With IEL at 1 and 2 weeks p.i., significant target cell lysis was observed at E:T ratios of 9:1 and 3:1, respectively, against SIV env-expressing target cells. At 4 weeks p.i., significant target cell lysis was observed at an E:T ratio of 28:1 against SIV gag-expressing target cells and at an E:T ratio of 3:1 against SIV env-expressing target cells.
DISCUSSION
Our studies have demonstrated that IEL were infected early in SIV infection and that their phenotypic profile and function were significantly altered following SIV infection. A higher number of SIV-positive cells were detected during the primary-acute and terminal stages of SIV infection compared to the asymptomatic stage of SIV infection. These IEL were strongly positive for SIV nucleic acids, indicating that they could support active viral replication (Fig. 1) . The presence of SIVinfected IEL may have several implications. Due to their intimate contact with epithelial cells, it is possible that epithelial cells acquire viral genomes from infected IEL. In in vitro culture studies, horizontal transmission of HIV to epithelial cells from infected lymphocytes has been previously demonstrated (54) . Infected IEL may release virus into the lumen or lamina propria and spread infection to available susceptible targets such as macrophages and activated T cells. Many macrophages have been found in the vicinity of the tip of villi in the small intestine (20) . Furthermore, viral infection may cause functional defects in the IEL.
Alterations in the immunophenotypic profiles of jejunal IEL occurred during primary SIV infection. A dramatic decline in the proportion of the CD3 ϩ CD4 ϩ single-positive and CD3
ϩ double-positive T-cell subsets which was detectable at 2 weeks p.i. occurred (Fig. 2) . The depletion of these subsets was consistent throughout the asymptomatic and terminal stages of infection. An increase in the proportion of CD3 ϩ
CD8
ϩ T cells coincided with the CD4 ϩ T-cell depletion. Schieferdecker et al. (43) reported that the majority of the intestinal T cells are memory T cells and are in an activated state. Furthermore, studies have shown that the activation of CD4 ϩ T cells is important for HIV infection and replication (39, 42) . Hence, a higher affinity for activated T cells in the intestinal mucosae may explain the rapid decline in the proportions of CD4 ϩ single-positive and CD4 ϩ CD8 ϩ double-positive T cells in the jejunal IEL compartment. Studies of the duodenal mucosae of long-term HIV-infected patients have shown loss of CD4 ϩ T cells (28) which was more pronounced in the mucosae than in the peripheral blood (44). Heise et al. (19) detected T-cell depletion in the intestinal mucosae of SIV-infected rhesus macaques, and Veazey et al. (59) have shown that infection with a molecularly cloned virus, SIVmac239, resulted in CD4 ϩ T-cell depletion within the intestinal lamina propria lymphocytes. However, these investigators did not present any data on the immunophenotypic alterations in IEL following SIV infection. The role of CD4 ϩ IEL depletion in intestinal dysfunction and viral pathogenesis is not fully known, but the loss of this subset may have several implications. The loss of CD4 ϩ IEL could lead to disruption of the epithelial barrier and decreased nutrient absorptive functions. Since the various subsets of T cells interact to maintain immune homeostasis at the intestinal epithelium, a severe depletion of CD4 ϩ and CD4 ϩ CD8 ϩ IEL may result in altered homeostasis in epithelia and have an adverse effect on the integrity of the intestinal epithelium. The CD4 ϩ IEL may provide unknown growth factors for epithelial cell maturation, and the loss of these cells may contribute to partial villous atrophy and crypt hyperplasia. The functions of the CD3 Ϫ IEL to produce IFN-␥ and MIP-1␤ following short-term in vitro stimulation with PMA and ionomycin was determined by flow cytometry. IEL were stained for cell surface expression of CD3 and CD8 antigens, fixed, permeabilized, and stained for intracellular production of IFN-␥ and MIP-1␤. Negative-control samples were stained with matched isotype control antibodies. not fully defined. Therefore, it is difficult to speculate on the functional significance of the depletion of these T cells in HIV and SIV infection. However, normal CD4 ϩ CD8 ϩ double-positive T cells have been shown to express activation antigens (3) and the memory phenotype (65) , which may explain their preferential depletion in the intestinal mucosae following SIV infection. The depletion of these subsets of IEL will further impair the ability of intestinal lymphoid tissue to respond to pathogens. The CD4 ϩ T-cell depletion in peripheral blood was found to be gradual following SIV infection, which was in contrast to the severe CD4 ϩ IEL depletion during primary SIV infection. Previous studies have shown that the depletion of CD4 ϩ T cells in peripheral blood was gradual in both SIV and HIV infections (24, 27, 37, 61) and became more apparent in advanced stages of infection. The above findings demonstrated that peripheral blood did not adequately reflect the CD4 ϩ T-cell changes in the intestinal mucosae. Therefore, it will be important to examine T-cell dynamics in the intestinal mucosae during viral infection independent of peripheral blood.
Our results demonstrated that the onset of CD8 ϩ T-cell increase in IEL occurred in primary SIV infection and was coincident with CD4 ϩ T-cell depletion. An increased prevalence of CD8 ϩ T cells in the intestinal mucosae of long-term HIVinfected patients has been previously reported (45) . Veazey et al. (59) have shown that CD4 ϩ T-cell depletion within the intestinal lamina propria lymphocytes was accompanied by an increase in the prevalence of CD8 ϩ T cells. The majority of IEL from human and mouse intestines were found to be activated and positive for the cytotoxic phenotype (22, 26, 32, 51) . Thus, they may be playing an important role in the recognition of virally infected cells. The presence of SIV-specific cytotoxic activity in the small intestinal IEL from SIV-infected rhesus macaques with terminal disease has been reported elsewhere (10) . The activated CD8
ϩ T cells with CTL activity may play an important role in the control of infection. On the other hand, these cells may also cause damage to the intestinal epithelium by secreting cytokines which contribute to the immunopathogenesis of SIV/HIV, as observed in HIV-associated alveolitis (1) .
Immunophenotypic alterations in the IEL of SIV-infected animals could have an impact on the local cytokine network which may modify the immune homeostasis at the intestinal epithelium. The CD8 ϩ IEL were the primary producers of IFN-␥ following SIV infection (Fig. 4) . The frequency of CD8 ϩ IEL producing IFN-␥ was found to increase during the SAIDS stage of infection, indicating that a higher proportion of this subset were primed in vivo following SIV infection to secrete IFN-␥. Although the frequency of IFN-␥-producing cells increased, the intensity of expression (amount of IFN-␥ produced per cell) was found to decrease following SIV infection (Fig. 5) and remained low throughout the course of infection, indicating a functional dysregulation in these subsets. This decrease in the level of IFN-␥ expression may have implications for downregulating cellular immune functions, thereby contributing to pathogenesis, since IFN-␥ has been shown to play an important role in antiviral immunity by lysis of infected cells by CTL activity (38, 62) . On the other hand, an increase in the proportion of IFN-␥-producing cells may indicate an abnormal production of IFN-␥ which may directly alter the integrity of the intestinal epithelium by increasing the permeability of epithelial cell-cell tight junctions (35) . Furthermore, IFN-␥ has been reported to have a potentiating effect on macrophages and neutrophils and to stimulate the synthesis and release of reactive oxygen metabolites (2, 57) , which may lead to the development of inflammatory conditions in the intestinal mucosae. There is no information available on cytokine expression ϩ IEL to produce IFN-␥ and MIP-1␤ following short-term in vitro stimulation was determined by using IEL from uninfected and SIVinfected rhesus macaques at the primary-acute (2 and 4 weeks p.i.), asymptomatic (36 to 44 weeks p.i.), and SAIDS phases. The IEL were stained for cell surface expression of CD3 and CD8 antigens, fixed, permeabilized, and stained for intracellular production of IFN-␥ and MIP-1␤. Negative-control samples were stained with matched isotype control antibodies.
FIG. 6. SIV-specific cytotoxic activities against SIV gag-and env-expressing target cells were detected in the primary IEL. Primary IEL from a rhesus macaque at 4 weeks p.i. were cultured overnight in RPMI 1640 medium supplemented with 10% FCS, antibiotics, and 5% human lymphocyte-conditioned medium and 20 U of recombinant human IL-2 per ml. Autologous B lymphocytes were transformed by herpesvirus papio and infected overnight with wild-type vaccinia virus (vvWR) or recombinant vaccinia virus expressing the SIV major core protein, p55 gag (vvgag), or envelope glycoprotein, gp160 env (vvenv), of SIVmac239. Effector and target cells were added together at multiple E:T ratios in a 4-h chromium release assay, and percent specific lysis against WR (s), gag (F)-, and env (&)-expressing target cells was calculated.
in IEL at a single-cell level in HIV infection. However, a few studies have reported cytokine production in PBMC by flow cytometric analysis (23, 36, 52, 60) . Using flow cytometric analysis, Klein et al. (23) have shown that the proportion of IFN-␥-producing T cells decreased among the CD4 ϩ T cells in peripheral blood from long-term HIV-infected patients, whereas the proportion of CD8 ϩ T cells producing IFN-␥ strongly increased. An attempt to delineate the potential of ␥␦ TCR ϩ subset of IEL to produce IFN-␥ was not very successful, since only a few events could be gated to arrive at a definitive conclusion. Taguchi et al. (52) have shown that both ␥␦ and ␣␤ TCR ϩ murine IEL were capable of producing cytokines such as IFN-␥ and IL-5. Bouillier et al. (5) demonstrated at a singlecell level that V␦1 T cells in peripheral blood from HIV-infected patients were primed to produce IFN-␥ and TNF-␣ compared to control donors, and these T-cell subsets were found to express high levels of perforin and to display in vitro cytotoxic activity. Furthermore, ␥␦ T cells in the peripheral blood of HIV-infected patients were found to rapidly expand and produce IFN-␥ in response to nonpeptide antigens relative to HIV-uninfected subjects (15) . Based on the above studies, it is suggested that ␥␦ IEL may have a potentially functional role in SIV infection and may have the ability to produce IFN-␥ following infection.
The majority of the MIP-1␤-producing IEL were found to express the CD3 ϩ
ϩ phenotype in uninfected and SIVinfected animals (Fig. 4) . It was interesting to note that almost ϳ25 to 30% of the isolated CD8 ϩ IEL from uninfected controls had constitutive levels of intracellular MIP-1␤ in the absence of mitogenic stimulation (data not shown). However, the level of constitutive MIP-1␤ expression decreased in SIVinfected animals, which was evident as early as 2 weeks p.i., indicating that viral infection might have led to a downmodulation of MIP-1␤ expression by IEL in the jejunal mucosae (data not shown). MIP-1␤ along with other chemokines such as RANTES and MIP-1␣ has been shown to play an important role in controlling HIV infection (9) . Thus, a downregulation of constitutive MIP-1␤ production by IEL in primary SIV infection may have significant implications for the progression of SIV infection, since this may lead to an increasing viral burden in gastrointestinal tissues. In contrast to these observations, short-term mitogen-stimulated CD8 ϩ IEL from SIVinfected animals were found to exhibit a dramatically high potential to produce MIP-1␤, indicating that these subsets retained a high potential to produce MIP-1␤ following activation. There were no major differences in the intensity of MIP-1␤ expression per individual cell in SIV-infected animals compared to uninfected animals. Thus, the increase was limited to the frequency of MIP-1␤-producing IEL and not to the amount of MIP-1␤ per cell. MIP-1␤ has been shown to chemoattract and activate specific subsets of T cells and macrophages and to stimulate the secretion of other proinflammatory cytokines such as TNF-␣, IL-1, and IL-6 (13) in murine peritoneal macrophages. High levels of circulating TNF-␣ have been demonstrated in serum from patients with AIDS (25, 41) and in rhesus macaques infected with SIVmac251 (8) . These proinflammatory cytokines may stimulate the production of various inflammatory mediators by macrophages and neutrophils that can potentially damage the intestinal mucosae, leading to symptoms of nutrient malabsorbtion, chronic diarrhea, dehydration, and wasting that is frequently observed in SIVinfected animals (18, 50) and increase the susceptibility to opportunistic pathogens associated with AIDS. Cytotoxic T cells have been shown to be central to the development of immune responses to viral infections (6, 30, 40, 63) . SIV-specific CTL activity was previously detected in IEL from the small intestine and vaginal epithelium from long-term SIV-infected animals (10, 29) . Our results for the first time have detected SIV-specific CTL activity in IEL during primary SIV infection. The CTL activity was detected in the jejunal IEL at 1 and 2 weeks p.i. against env-expressing target cells (data not shown) and at 4 weeks p.i. against both gag-and env-expressing target cells (Fig. 6) . The presence of SIV-infected cells in the intestine during early stages of infection may contribute to the recruitment or development of SIV-specific CTL responses. In our studies, the majority of jejunal IEL (Ͼ90%) were shown to be of the CD8 ϩ phenotype in SIV-infected animals (Fig. 3) , indicating that CD8 ϩ IEL may be the primary source of SIV-specific CTL activity. The proportions of CD8 ϩ
CD3
Ϫ (which presumably comprises NK cells) were found to decline following SIV infection, suggesting that these subsets of CD8
ϩ IEL may not be responsible for CTL-mediated lysis of target cells. It is possible that some ␥␦ subsets of IEL may exhibit SIV-specific CTL activity. However, further experiments need to be performed with ␥␦ subsets to determine their potential for SIV-specific CTL activity.
In conclusion, the role of IEL in the immunopathogenesis of SIV at gastrointestinal mucosal surfaces was evaluated. For the first time, we have identified and delineated changes in the immunophenotype of IEL and their capacity to produce IFN-␥ and MIP-1␤ following SIV infection. Severe CD4 ϩ IEL depletion was observed in primary SIV infection, which may lead to altered homeostasis in the intestinal epithelia. Our results demonstrated that SIV-specific CTL activity was observed in the jejunal IEL in primary SIV infection. An increased capacity of CD8 ϩ IEL to produce IFN-␥ and MIP-1␤ was observed throughout the course of SIV infection. This increased capacity of CD8 ϩ IEL to produce IFN-␥ and MIP-1␤ and the presence of CTL activity may reflect an active role for IEL in the generation and maintenance of immune responses to viral infection as well as opportunistic infections. However, altered homeostasis due to phenotypic changes in the jejunal IEL accompanied by increased cytokine and chemokine production may contribute to SIV-associated enteropathy.
